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ABSTRACT-Effects
of cholecystokinin octapeptide (CCK-8) on long-term potentiation (LTP) of CAI synaptic transmission induced by tetanic stimulation of the input fibers were examined in guinea pig hippocampal slices. CCK-8 and a selective agonist for the CCKB receptor, non-sulfated CCK-8, dose-dependently augmented the magnitude of LTP. Concomitant application of a selective antagonist for the CCKBreceptor subtype, L-365,260 (3R(+)-N-(2,3-dihydro-l-methyl-2-oxo-5-phenyl-IH--1,4-benzodiazepine-3-yl)-N"-(3-methylphenyl)urea), completely blocked the augmentation of LTP induced by CCK-8, whereas a selective CCKA-receptor antagonist, L-364,718 (3S(-)-N-(2,3-dihydro-l-methyl-2-oxo-5-phenyl-IH-1,4-benzodiazepine)), had little effect. Thus, enhancement of LTP by CCK appears to be mediated by CCKB receptors. Furthermore, CCK-8 enhanced paired-pulse facilitation at a concentration of 10-7 M without affecting the amplitude of the population spike induced by single stimulation. This effect was mimicked by a low dose of tetraethylammonium (TEA), a K+ channel blocker. Moreover, both CCK-8 and TEA reduced the late component of evoked field potentials. This late evoked potential was diminished by increasing the extracellular K+ concentration. It is suggested that CCK-8 reduces the K+ conductance in CAI pyramidal neurons. This reduction in the K+ conductance might be related to enhancement of the LTP.
Keywords: Cholecystokinin (CCK), Long-term potentiation (LTP), Hippocampal slice, CAI subfield, CCKB subtype receptor Cholecystokinin octapeptide (CCK-8) is distributed in both the peripheral (1) tissues and the central nervous system (CNS). In the CNS, its distribution is predominant in the cerebral cortex (2) and hippocampus (3). This peptide is known to modulate the actions of several neurotransmitters, including dopamine (4), GABA (5), endogenous opioids (6) and excitatory amino acids (7) . The functional significance of endogenous CCK-8 remains unknown because of its pleiotropic effects in the brain (8, 9) . Recently, CCK-8 has been reported to promote learning and memory processes (10) (11) (12) (13) (14) following its peripheral (12, 13) or intracerebroventricular (14) administration.
The receptors for CCK have been classified into the "peripheral" subtype, CCKA, and the " central" subtype, CCKB, based on the distribution of its binding sites (15, 16) . However, intracerebroventricularly administered CCK-8 rapidly appears in the peripheral circulation (17) . Therefore, it is not certain whether the effects of CCK-8 on learning and memory functions are mediated exclusively by its direct action on the central CCKB receptors or whether these effects are partly mediated through the peripheral CCKA receptors.
Long-term potentiation (LTP) is a prolonged facilitation of synaptic efficacy produced by brief tetanic stimuli applied to afferent fibers. This phenomenon is implicated in learning and memory functions (18) . LTP has been demonstrated in several regions of the hippocampus (19) . Particularly, LTP in the Schaffer collateral/commissural fiber-CAI synapses has been investigated most extensively (see ref. 20 for a review). Amnesia-inducing drugs diminish the LTP in these synapses (21, 22) , whereas antiamnesia agents facilitate the magnitude of LTP in these synapses (23) , again implying its possible relation to the process of memory. Might CCK-8 augment the LTP? If so, which type of CCK receptor mediates this action? To address these questions, we examined the effect of CCK-8 on the LTP of Schaffer collateral/commissural fiber-CAI synapses in guinea pig hippocampal slices.
Slice preparation and extracellular recording
Transverse hippocampal slices (450-500 pm thick) from male guinea pigs (200 -350 g) were prepared with a roterslicer (DYK8700; Dosaka E.M., Kyoto). The slice was transferred in a recording chamber and superfused with artificial cerebrospinal fluid (aCSF) at a flow rate of 5 ml/min. The aCSF had the following composition: 124 mM NaCl, 5 mM KC1, 1.24 mM KH2PO4, 1.3 mM MgSO4i 2.4 mM CaC12, 26 mM NaHCO3, 10 MM glucose. The perfusate was saturated with 95% 02 and 5% C02 at 34-351C.
Evoked field potentials were recorded from the pyramidal cell layer of the CAI subfield with a glass micropipette (2.5 -5 pm in tip diameter) filled with 2 M NaCI in response to a stimulus pulse (0.1 msec in duration) applied to the Schaffer collateral-commissural pathway through a platinum bipolar electrode.
L TP and paird pulse facilitation
The population spike (PS) was quantified by the amplitude measured from its negative peak to the positive peak in the evoked potential (see Fig. IA ). The strength of single or tetanic (for 5 sec at 33 Hz) stimulation was adjusted to evoke a PS with half-maximal amplitude throughout the experiment, except for the observations on the inputoutput relation (see Fig. 1B ). To measure the response evoked at a given stimulus intensity, ten successive stimuli were given at 0.2 Hz. These evoked potentials were digitized and averaged. This procedure was repeated three times at an interval of 5 min. The mean of three averaged values of the PS amplitude before tetanic stimulation was taken as the basal level (100%). The magnitude of LTP was evaluated by the mean of eight averaged amplitudes of the PSs observed between 5 and 40 min after tetanic stimulation. All drugs were added to the perfusate for 25 min from 20 min prior to tetanic stimulation.
For the experiment of paired-pulse facilitation, a pair of stimuli were applied at 0.05 Hz. The degree of facilitation was measured by the amplitude ratio of the second response to the first response (see Fig. 3A ).
The late negative component of evoked potentials
Each evoked potential showed a late prolonged negative phase following the early PS phase (Fig. 4 ). This late negative component was quantified by the area of the potentials negative to the basal level up to 80 msec after the stimulus (hatched area in Fig. 4A ). The mean late negative component was calculated by averaging the "slow negative" areas measured from 30 consecutive potentials evoked at 0.1 Hz.
Drugs and data analysis CCK-8 (Peptide Institute, Osaka ) was dissolved in
(a gift from Merck & Co., Ltd., Rahway, NJ, USA) and L-365,260 (3R(+)-N-
(synthesized at Shionogi Research Laboratories) were first dissolved in dimethyl sulfoxide (DMSO; Nacalai Tesque, Kyoto). The final concentration of DMSO was 0.00107o. Tetraethylammonium (TEA; Kanto Chemical Co., Ltd., Tokyo) was dissolved in aCSF. The analysis of variance followed by Duncan's multiple range tests was used for statistical analysis.
Effect of CCK-8 on L TP in CAI neurons
The extracellular field potential was recorded from the pyramidal layer of the CAI region following stimulation of the Schaffer collateral-commissural fibers. The application of CCK-8 (10-' M) had no effect on the amplitude of PS evoked by single stimuli (Fig. IA (3 and 4) and Fig.  1C ). Figure IB shows the input-output relationship of these evoked potentials, indicating a sigmoidal increase in the response amplitude associated with a progressive increase in stimulus intensities. This input-output relationship remained unchanged before and after the application of CCK-8 in 6 out of 6 slices.
Tetanic stimulation induced a potentiation of the PS amplitude, which lasted for more than 60 min (Fig. 1C) . The magnitude of LTP was 148±9°Io. The magnitude of LTP was clearly enhanced by CCK-8 (Fig. IC, filled circles) . Figure 2A shows the dose-dependence of the LTP magnitude enhancement by CCK-8. The augmenting effects of CCK-8 on the LTP were statistically significant at doses of more than 10-8 M. To determine which type of CCK receptors (CCKA or CCKB) is involved in enhancement of the LTP, selective agonists and antagonists for the CCK-8 receptors were used. A selective CCKB-receptor agonist, CCK-8NS (8), also dose-dependently augmented the magnitude of LTP (Fig. 2A, filled squares) . The dose-response relationship for CCK-8NS was parallel to that for CCK-8, but the potency of the former was about ten times lower than the latter. Moreover, L-365,260 (10-6 M), a selective CCKB-receptor antagonist, significantly reduced or blocked the augmentation of LTP induced by CCK-8 (10-' M, Fig. 2B ), whereas a selective CCKAreceptor antagonist, L-364,718 (10-6 M), failed to reduce the effect of CCK-8 (Fig. 2B) . L-365,260 or L-364,718 alone at a dose of 10-6 M did not affect the amplitude of the PS or the magnitude of LTP (Fig. 2B) . 
Effects of CCK-8 on paired pulse facilitation
From these preceding observations, it is clear that CCK-8 enhanced the LTP but not postsynaptic responses evoked by the single presynaptic stimuli. Might CCK-8 enhance other plastic changes of synaptic function? To address this question, we examined paired-pulse facilitation. Figure 3A shows the degree of paired-pulse facilitation as a function of the interval between the pairedpulse. The magnitude of paired-pulse facilitation reached the maximal level at pulse intervals of 30-60 msec. Thus, the following experiments were performed at a fixed interval of 40 msec. As shown in Fig. 3B , CCK-8 significantly enhanced paired-pulse facilitation (open circles). Enhancement of paired-pulse facilitation by CCK-8 occurred relatively slowly, taking about 5 min to reach its maximal level and lasted for at least 30 min after the withdrawal of CCK-8. Possible mechanisms of enhancement of synaptic plasticity by CCK-8 CCK-8 is known to produce a slight depolarization in hippocampal neurons (24) . Buckett and Saint suggested that this depolarizing action is due, at least in part, to a block of voltage-gated K+ current by CCK (25) . The blockade of the K+ channel by TEA is reported to induce a NMDA-independent form of LTP in CAI neurons (26) . It is then possible that the enhancement of LTP produced by CCK-8 is related to CCK-induced modulation of the K+ conductance in hippocampal neurons. Because of this possibility, we examined whether such modulation of the K+ conductance can be manifested by characteristic changes in the extracellularly recorded evoked potential.
The extracellular potential evoked by stimulation of Schaffer collateral/commissural fibers comprises the early PS component followed by a late prolonged negative component. As shown in Fig. 4A , this late negative component was sensitive to the extracellular K+ concentration. Figure 4D (open circles) shows changes in the area of the late negative component (see Materials and Methods) at different extracellular K+ levels. The late negative component became significantly dominant as the extracellular K+ level was lowered. This implies that the late negative component increases with an increase in the K+ concentration gradient across the cell membrane. It is then likely that the late negative component reflects a prolonged depolarization produced by accumulation of K+ released from activated CAI neurons. At a given extracellular K+ concentration (1.56 mM), CCK-8 clearly diminished the late negative component (Fig. 4B) . Therefore, it seems reasonable to conclude that CCK-8 indeed reduces the increase in the K+ conductance associated with neuronal activation. This notion was further supported by the observation that the CCK-induced reduction of the late negative component can be mimicked by the application of TEA, a blocker of K+ currents (Fig.  4C) . The degree of suppression of the late negative component produced at 10-8 M (Fig. 4D, filled circle) was comparable to that observed at 4 mM TEA (open square).
Might TEA also enhance paired-pulse facilitation? As shown in Fig. 3B (filled circles) , TEA enhanced pairedpulse facilitation without affecting the amplitude of postsynaptic responses evoked by the single presynaptic stimuli. The general effect of TEA was thus similar to that produced by CCK-8. However, the effective dose of TEA for enhancing paired-pulse facilitation was 0.25 mM, which was far below its effective dose (4 mM) for suppressing the late negative component of the evoked potential (Fig. 4Q . Clearly, the effects of TEA on paired-pulse facilitation and the K+ conductance must be interpreted with caution (see the Discussion). The important finding in the present study is that bath application of CCK-8 in guinea pig hippocampal slices augments the magnitude of LTP in the CAI subfield via CCKB-receptor activation. Several studies have suggested that the LTP in the hippocampus is a phenomenon implicated in the memory process. For instance, the NMDA-receptor antagonist D-APV induces amnesia following intracerebroventricular application and blocks the induction of LTP in the hippocampus (21) . Similarly, some benzodiazepines produce amnesia and diminish LTP in the hippocampus (22) . Consistent with these results, benzodiazepine inverse agonists, which can enhance memory function and attenuate amnesia, are found to augment LTP in the hippocampus (23, 27) . CCK-8 is also known to exert beneficial effects on memory and learning processes following intracerebroventricular administration (10, 11, 13, 14) .
In binding studies, the affinity of CCK-8NS to the CCKB receptor is ten times lower than that of CCK-8; Therefore, CCK-8NS has virtually no affinity to the CCKA receptor (8) . These features are remarkably consistent with the present results that the effective dose of CCK-8NS for enhancing LTP is ten times higher than that of CCK-8 and that the CCK-8 effect is blocked by the CCKB-receptor antagonist L-365,260, but not by the CCKA-receptor antagonist L-364,718 ( Fig. 2A) . These results are further corroborated by an electrophysiological study showing that CCKB-receptor activation prolongs the LTP in the Schaffer collateral/commissural fiber-CAI synapses of rat hippocampal slices (28) and the histochemical finding that CCKB receptors are abundant in CAI pyramidal neurons (16 (26) . Activation of metabotropic glutamate receptors is also known to increase intracellular Ca 21 levels (29), block K+ channels (30, 31) and enhance the LTP (32) . Therefore, it is tempting to speculate that a reduction of the K+ conductance produced by CCK-8 is responsible for enhancement of the LTP. Unlike TEA, a high dose of CCK-8 (10-6 M), which is 100-fold higher than minimal effective dose of CCK-8 in augmenting LTP, elicited neither enhancement of PS amplitude nor LTP by itself (n=3, data not shown). Thus the potency of reduction of the K+ conductance by CCK-8 is suggested to be slight. cDNA cloning has shown that the CCKB receptor is a G-proteinlinked metabotropic receptor (33) . Activation of CCKB receptors stimulates phosphatidylinositol hydrolysis, thereby increasing intracellular Ca 21 levels (34). Our unpublished observations also indicated that CCK-8 raises intracellular Ca 21 levels in the absence of external Ca2+ in hippocampal slices loaded with fura-2. All these results point to a similarity in function between the CCKB receptor and metabotropic glutamate receptor. The slow onset and long lasting action of CCK-8 on paired-pulse facilitation appear to reflect the feature of metabotropic receptors. As described in the Results, however, the effective dose of TEA sufficient to enhance paired-pulse facilitation clearly differed from that to reduce the late negative component. Although this difference does not necessarily exclude a possible relationship between modulation of the K+ conductance and the enhancement of synaptic plasticity, it defies logical interpretation.
Furthermore, whether CCK-8 reduces the K+ conductance only in postsynaptic neurons, in presynaptic terminals or in both remains unknown at present. Clearly, more information is needed to resolve how CCK-8 enhances the LTP in hippocampal neurons.
